Gene regulation can be tightly controlled by recognition of DNA deformations that are induced by stress generated during transcription 1±3 . The KH domains of the FUSE-binding protein (FBP), a regulator of c-myc expression 1, 4 , bind in vivo and in vitro to the single-stranded far-upstream element (FUSE), 1,500 base pairs upstream from the c-myc promoter 4±6 . FBP bound to FUSE acts through TFIIH at the promoter 4 . Here we report the solution structure of a complex between the KH3 and KH4 domains of FBP and a 29-base single-stranded DNA from FUSE. The KH domains recognize two sites, 9±10 bases in length, separated by 5 bases, with KH4 bound to the 59 site and KH3 to the 39 site. The central portion of each site comprises a tetrad of sequence 59d-ATTC for KH4 and 59d-TTTT for KH3. Dynamics measurements show that the two KH domains bind as articulated modules to singlestranded DNA, providing a¯exible framework with which to recognize transient, moving targets.
FBP contains four K homology (KH) repeats 7 separated by linkers of varying lengths 5 . The minimal single-stranded DNA (ssDNA) binding domain, as seen from gel electrophoresis 6 , comprises KH3 and KH4 (Fig. 1a) . The target for KH3 and KH4 has been localized by sensitivity to the ssDNA selective agent permanganate to a 29-base stretch (M29 in Fig. 1b ) in the non-coding strand of the FUSE element (-1525 to -1553 of the c-myc gene) 6 . We solved the threedimensional structure for a complex of relative molecular mass (M r ) of 30,000 comprising the KH3 and KH4 domains of human FBP (residues 278±447 of the full length sequence, referred to as FBP3/4 and numbered 5±174) bound to M29 ssDNA using multidimensional nuclear magnetic resonance 8 . The complex of FBP3/4 with M29 ssDNA as well as with shorter ssDNAs, 25 (M25) and 20 (M20) bases long (Fig. 1b) , is long-lived (K diss < 10 nM) and readily puri®ed as a single complex by gel ®ltration. Intermolecular nuclear Overhauser experiments (NOEs) showed that KH4 and KH3 bound to bases 4±10 and 16±21, respectively, of M29 ssDNA. However, the spectrum of M29 Figure 1 Structural analysis of the FBP3/4-ssDNA complex. a, Structure-based sequence alignment of the KH domains of FBP3/4, NOVA-2, hnRNP K and vigilin. Residues of the KH3 and KH4 domains of FBP3/4 that contact ssDNA are indicated in red; the equivalent residues in the other KH domains are coloured green. b, ssDNAs used in the current study. NMR analysis was carried out on FBP3/4 complexed to M29 and intermolecular NOE contacts were con®rmed using complexes of the isolated KH4 and KH3 domains bound to M59 and M39(UT), respectively. c, Backbone superposition of the KH domains of FBP3/4 (KH3 and KH4 in red and blue, respectively), NOVA-2 (ref. 9) (green) and hnRNP K 10 (grey).
The Ca root mean square (r.m.s.) differences range from 1. Fig. 1d , e, respectively. The KH fold 9±11 comprises three a-helices packed onto a threestranded antiparallel b-sheet in a b1-a1-a2-b2-b3-a3 topology. The invariant GXXG sequence in the loop connecting helices 1 and 2 is characterized by positive f angles at positions 1, 3 and 4, with the f/w angles of residues 3 and 4 in a left-handed helical conformation. Strands b2 and b3 are linked by a loop of variable length (7±10 residues) and conformation. A best-®t superposition of the KH domains of FBP3/4, NOVA-2 (ref. 9) and hnRNP K 10 is shown in Fig. 1c , and the corresponding structure-based sequence alignments are provided in Fig. 1a .
Single-stranded DNA binds to a groove delineated by helices 1 and 2 and the GXXG loop on one side and strand b2 on the other (Fig. 2) . The centre of the groove is hydrophobic and the edges are hydrophilic and charged (Fig. 2a, c) . The sugar-phosphate backbone is directed towards the left-hand side of the binding site while the bases point towards the centre and right-hand side of the site in the view shown in Fig. 2 . The narrow binding site (,10 A Ê ) favours pyrimidines over purines, explaining why the KH3 and KH4 binding sites each contain a single purine, located at the 59 end. The B-like ssDNA is slightly underwound and extended, positioning the 59 end at the top of the binding site in close proximity to the GXXG motif (Fig. 2) . All the sugar-phosphate backbone torsion angles of the ssDNA lie in a narrow range characteristic of righthanded DNA 12 , as evidenced by the restricted dispersion of the 31 P resonances (between 4 and 4.5 p.p.m.) 13 . The pattern of intra-and inter-nucleotide NOEs throughout is typical of right-handed DNA 8 . Hydrophobic contacts to the central T bases of the KH3 (T18, T19) and KH4 (T6, T7) binding sites involve Ile 18, Ile 25 and Phe 38, and Ile 119, Ile 126 and Leu 139, respectively. The methyl groups of these thymines are directed towards solvent, explaining why substitution of T for U has little effect on binding af®nity.
Recognition of the KH4 site involves a number of intermolecular H-bonds (Figs 1d and 2a, b) : at the 59 end from the Og atom of Thr 115 to the N6 amino group of A5; at the 39 end from the carboxylate of Glu 138 to the N4 amide group of C9, and from the O2 and O49 atoms of the base and sugar of C10 to the guanidino group of Arg 136. Other electrostatic interactions involve the Nz amino group of Lys 152 and the N7 atom of A5, and the guanidino group of Arg 141 and the O4 atom of T6. Contacts to the sugarphosphate backbone are afforded by Gly 122 and Gly 123 of the GXXG motif, and Lys 127, Ser 130 and Gln 131 of helix 2.
The KH3 domain recognizes a stretch of four T bases (T17±T20), the contacts with which are mainly hydrophobic (Figs 1e and 2c, d) . At the 59 end there are H-bonds between the guanidino groups of Arg 11 and Arg 48 and the O4 atoms of T18 and T19, respectively; at the 39 end the side-chain amido group of Gln 37 is H-bonded to the O2 atom of T20, and possibly the O2 or N3 atoms of T21. Contacts to the sugar-phosphate backbone are afforded by Arg 20, Asn 21 and Gly 22 of the GXXG motif and Lys 26 of helix 2. Thr 115 in KH4, Hbonded to the base of A5, is replaced by Val 14 in KH3 which favours a T base at this position.
The KH domain presents a scaffold for nucleic acid binding that can be tuned for ssDNA 5, 6 or RNA 7,9 speci®city. The ssDNA-binding surfaces of the KH domains of FBP3/4 overlap extensively with that of the NOVA-2 KH3 domain that recognizes a stem-loop RNA 9 . There are, however, major differences. Extensive intermolecular contacts are made between ssDNA and residues in helix 2 and the amino-terminal end of strand b2 in the FBP3/4 complex (Fig. 2) , which are not seen in the NOVA-2 KH3±RNA complex where equivalent interactions are precluded owing to the presence of the wider double-stranded RNA stem. In contrast, in the NOVA-2 KH3±RNA complex contacts are made to both arms of the RNA hairpin and, as a consequence, the binding surface also includes the¯exible loop (connecting strands b2 and b3) and the carboxy-terminal end of helix 3. The latter extends well beyond the protein core of NOVA-2 KH3 (Fig. 1c) , presumably as a consequence of protein±RNA contacts and/or crystal packing. The core of the RNA-recognition sequence, 59r-UCAC 9 , is located and oriented similarly to the central portion of the KH4 (59d-ATTC) and KH3 (59d-TTTT) ssDNA recognition sequences, but the RNA and ssDNA tetrads have very different conformations. The bases of the ssDNA tetrads are stacked upon one another (Fig. 2) . In contrast, the ®rst three bases of the RNA tetrad are not stacked: the base at position 2 is oriented at right angles to the bases at positions 1 and 4, and concomitantly the conformation of the sugar-phosphate backbone departs markedly from that characteristic of right-handed RNA or DNA 12 . The unusual features of the RNA tetrad arise from a network of inter-and intra-molecular H-bonds involving the bases and 29-OH groups of the ribose sugars.
The KH3 and KH4 domains of FBP (Fig. 1a) do not interact with one another in the FBP3/4-M29 ssDNA complex. They are connected by a glycine-rich,¯exible 30-residue linker (Fig. 3a) , and the DNA is bridged by 5 bases (bases 11±15) that do not display any contacts to protein. If the FBP3/4±M29 ssDNA complex were rigid, dipolar couplings measured for both halves of the complex in a dilute liquid crystalline medium, such as phage fd 14 , would be described by a single alignment tensor 15, 16 . However, the magnitude of the alignment tensor 15 for the KH3 domain is half that of the KH4 domain in the complex (Fig. 3b) , indicative of signi®-cant interdomain motion 16 (see Supplementary Information for further details), which was characterized by model free analysis of 15 N relaxation data using the extended Lipari±Szabo model 17, 18 .
Assuming an axially symmetric diffusion tensor 18 , the data yield values of 21.5 and 1.85 ns for the effective overall rotational correlation time and diffusion anisotropy, respectively, of the whole complex. The timescale and magnitude of the interdomain motions are described by an effective slow internal correlation time (t s ) of 4.1 ns for KH3 and 3.6 ns for KH4, and an order parameter S 2 s of 0.67 for KH3 and 0.70 for KH4, which correspond to the two KH domains wobbling independently in cones with semi-angles of about 308 (Fig. 3c) . Alignment of the principal components of the diffusion tensors of the two domains indicates that the average orientation of the two domains is parallel (average interhelical angle between the third helix of each domain is about 18, see Fig. 3c ).
The interdomain mobility of the FBP3/4±M29 ssDNA complex is couplings of structurally equivalent residues measured for the KH4 and KH3 domains in the FBP3/4±M29 complex. The correlation coef®cient is 0.83, as expected for very similar structures, but the magnitude of the alignment tensor 15 for the N±H vectors in the KH3 domain (-7.2 Hz) is half that in the KH4 domain (-14.5 Hz), diagnostic of signi®cant interdomain motion 16 . c, Depiction of interdomain motion in the FBP3/4±M29 complex.
The red and blue cones indicate the slow motion of the KH4 and KH3 halves of the complex, respectively. The KH4 and KH3 domains are shown as red and blue ribbons, respectively, and the ssDNA bound to them is shown in purple and green, respectively. The 5-base linker for the ssDNA and 30-residue linker for the protein are depicted by blue and red dashed lines, respectively. The semi-cone angle v, derived from the internal slow order parameter S 2 s is about 308 for both domains. D k nd D ' represent the parallel and perpendicular components of an axially symmetric diffusion tensor. The two domains are aligned relative to the long axis of the diffusion tensor. The overall length of the complex and the separation between the two domains is indicated and calculated as described in the text. Nucleotide numbering is in italics.
determined by the intrinsic¯exibility of the ssDNA (bases 11±15 of M29) linking the KH3 and KH4 binding sites. The 30-residue protein linker between the KH3 and KH4 domains is highly disordered (Fig. 3a) , such that in free FBP3/4 the two domains reorient essentially independently of each other (unpublished data), as in the case of other modular proteins connected by long linkers 16 . Further, the ssDNA linker, although it is¯exible, is not disordered because the observed NOEs are typical of right-handed DNA 8 
, and L i < 33 Ê A. The overall average length of the complex is therefore about 100 A Ê , corresponding to a cylinder length to diameter ratio of 3 with a predicted diffusion anisotropy of 1.8 (ref. 20) , in agreement with the value determined from the model free analysis of the data. These dimensions imply that the average distance between the C terminus of KH3 (residue 74) and the N terminus of KH4 (residue 104) is about 35 A Ê , which is close to the expected average end-to-end distance of about 40 A Ê for a random-coil polypeptide of n 30 residues and a 40% Gly content 20 . The intervening stretch of ssDNA comprises six base steps, so the average rise for this segment of ssDNA is around 5.8 A Ê , about 70% longer than regular B-DNA.
Interdomain motion observed in the FBP3/4±M29 ssDNA complex in which the linkers, both protein and ssDNA, possess intrinsic exibility, is likely to be an essential component of FBP function. This property can readily accommodate changes in the direction of the DNA. FBP interacts directly with and modulates the helicase activity of TFIIH 4 , a generalized transcription factor that has been proposed to act as a torque-generating machine 21 and is required throughout the early stages of transcription from initiation through promoter escape. Hence, interdomain¯exibility in the FBP±ssDNA complex allows FBP bound to FUSE to maintain contact with a moving component, TFIIH, of the transcription machinery. As such, the ssDNA-binding domain of FBP presents an unusual architectural transcription factor: the presence of multiple KH domains, separated by linkers, generates a series of single-stranded exible hinge points in the DNA matrix, facilitating interactions between other, sometimes mobile, components of the transcription machinery that would otherwise be prohibited by stereochemical and topological restraints imposed by the more rigid doublestranded DNA. This predicts that reduction in interdomain¯exi-bility, by reducing the length of the intervening ssDNA sequence between the KH3-and KH4-binding sites, should decrease FUSE activity, whereas increasing the length of this linker segment slightly should have less effect as it could be accommodated by the¯exible protein linker between the two KH domains. This is borne out experimentally: deletion of four of the ®ve intervening bases between the KH4 and KH3 ssDNA binding sites (corresponding to bases 11±14 of M29) reduces c-myc reporter expression approximately fourfold 22 ; conversely, insertion of an additional four bases between the two ssDNA binding sites has minimal effect on FUSE activity (D.L. and M. Avigan, unpublished work).
Underlying the structure of the FBP3/4±ssDNA complex is the concept that DNA transcription can be monitored and controlled by the recognition of ssDNA generated during the course of transcription. The present structure clearly shows that ssDNA located in a cisregulatory element (FUSE) upstream from the c-myc promoter can be recognized speci®cally by FBP3/4, forming a high-af®nity complex in solution. These features, combined with previous functional studies on the role of FBP at the c-myc locus 1,4±6 , provide the experimental basis for this mechanism of transcriptional control.
Finally, we note that overexpression of c-myc is associated with many human cancers 23 and that loss of FBP function shuts off c-myc expression and arrests cellular proliferation 24 . Thus, the FBP3/4± ssDNA complex may represent a potentially useful target for therapeutic intervention.
M

Methods
Sample preparation FBP3/4, comprising residues 278±447 of human FBP 2 and numbered from residues 5± 174, as well as the individual KH3 (residues 5±77) and KH4 (residues 101±174) domains were cloned, expressed and puri®ed by af®nity chromatography using standard procedures. Samples for NMR . Backbone f/w torsion angle restraints were derived from backbone chemical shifts using the program TALOS 25 . Heteronuclear 3 J couplings were measured by quantitative J-correlation spectroscopy 8 . Dipolar couplings were measured in a dilute liquid crystalline medium of 25 mg ml -1 phase fd 15 .
N relaxation measurements
15 N T 1 , T 2 and NOE measurements were carried out at 600 and 750 MHz and analysed essentially as described 18 . All the relaxation data were ®tted simultaneously on the basis of the atomic coordinates optimizing the value of the effective overall rotational correlation time and anisotropy for the whole complex; a single-order parameter S 
Structure calculations
Structures were calculated from the experimental restraints by simulated annealing in torsion angle space 26 using XPLOR_NIH (http://nmr.cit.nih.gov/xplor_nih). The nonbonded contacts in the target function are represented by a quartic van der Waals repulsion term supplemented by a torsion angle database potential of mean force 27 . Structure ®gures were generated with the programs VMD-XPLOR 28 and GRASP 29 .
